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GOME DIYSICS CALCULATIONS ON THE PERFORMANCE OF PAST POWER REACTORD

A.l.Leipunnkil, O.D,Knzntohkoveky, M,V.Troyanov, N.V..rarnoymarov,
M.G.Kulokovoky, V.D.lytkin, V.T.Mntveev, V.M,Murogev, A.l.Novo-
zhilov, L,M,Usatohev, N.M.Shagalin, 3,B.Shikhov.

In the early stages of fant power reactor development the study of initinl dats varistion
effectc noquires grent imporiance as wall an the discovery of mesnn to promote their performan-
ces and analysin of major renctor effectn. The remctor conparinon goes multiple waysa, In the pre-
cent report reactors are compared from the ntandpoint of the opportunities available for attnin- '
ing the least possible time required for doubling power level in the fauat reactorn oyotem, To
strike thin goal for power reactors of 0.5 to 1,0 million k¥ olectric oapsoity range the follow-
ing conditions seem indispensable.
©) A sufficiently high breeding ratio in maintained., To avoid considerable reductionn of the
breeding ratlo ac reaotor caprcity goes up the extensive use can be made of various technologi-
cal solutions - heat generatlon flattening, rechaping of the reactor core, eto.
b) The fart reactor fuel muct allow high burn-ups. As it ceems, ceramico are most farreach-
ing herein, besldes, it have good technulogioal properties.
¢) The specific power per a unit of fuel loading must be reasonsbly high. The latter oalls
for an intenzive heat removal. Sodium used as the coolant provides for the intensive heat remo-
val under ordinary working oonditiont together with the reliable acoidemntal 000l ing. Onoe sodium
ocours in combination with ceramic fuel it bescomes possible to operate at high tempersture rates
with attractive atomic station's effioiency factor.
Thic report deals with the outcomes of a study programme regarding fast power reactors with
ceramic fuels and sodium coolant.
The Multiplication Equations for the System of Dreeders, To regard the different variants
of nuclear power developmerts one needs an cconomic comparison, The latter begins with defining
the natural production volumes to provide for the above nuclear energy developmentis - those of
uranium output, enriching industry, chemical processing eto. The following equat ions are helpful
- for these ends, and so they are for obtainming the formula for the nuolear energy industry's spe- e
— cifioc rate of growth on the basis of tho fission materials daveloped im the systsz of resctors —
' under consideration. The speoific rate value or doubling time value determines to a great extent
the demand for uranium-235 and other characteristiocs at the given power industry development rate
It i3 necessary for the reason of generalization to assume that some three reactor types
are employed to promote adwvance in the nuclear power production: those on uranium-235, pluto-
nium-239 and uranjum-233. Let PS(t)’ Pj(t), Pg(t) denote the outside daily oonsumption of urani-
um-125, ursnium-233, plutonium-239 at some t moment, The possidbility, of obanelling fission mata-
rials for other purposes makes P(ta presumably acquire negative values. 15(t). 13(t), 19(1:) oons~
titute a daily fuel U235, 1233 3?3 10ad in remotors st the t moment of time. Por the sake of
convenience it is suggested to consider ths quantity LA of the given imotop already in the fuel
olements at the time of loading into the resotor, and ylelding the predetermined er level,
for instance of 1000MW, to be a unit of fuel, Meanwhile, the units of fuel for Uz 5, Pn”g, 0233
) reactors differ to make "S' m9, M3 respectively. Every reactor oore fuel asssembly is expected to
[ be discharged on attaining the permigsible value of burnup and remains within the reactor core
the average time of Tg—the reaotor lifetime, Beosides, it subsequently undergoes ohanical procesw —
sing for the time of Tna, here a loss of fuel makes (1-E). Thus, the dsily reousrTence into
S uranium resctor ceres at the t moment i (z—!’es-'rags) (1-8 5} 35 of nraninm-22%, Hara, A - —
is the fuel burnup due to Tission and oapture in the rasasoctor .ore as regaris the originsl fuel
load,
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The breeding of tho seoondaxy nuolear fusl "m" in the reaotor, utilizing the t-th imotopoe,
oan bo dovoribed in tormn of the resotor oore breoding ratios alongside with those of axinal
and radial blonketu of the roaoﬁor: BRa€ m, BR,E,m  DHyfg m.

Pu-239 produoced {n the U 5 resotor ocore and the axial and radlal blankets at the t moment
of time enters plutonium reactors in the quantities:

is(t-Tas~Thas)bsKBas,s €y +is(t-Tas- Tnse)Bs KBors o9&y 1

The following model {s acoepted to deamoribe the inlet of plutonium from the radiasl blan-
kot,

It takes oome T »fs time oinoe the resotor ceto working before the uniform discharge of
plutoniun in the quantity of 7‘1 KB8)s5,9 bogins ond the addition of Thssr time before it
entero the reactor. The number of tho reactors conocerned by the time t connmtitutes the integ-
ral of all the fuel to hlwr been used for tho period oinoce the first remotor wan commissioned:

n,(t):af[a,(t'}-z, “t'-Tag)]al’ )

The supply of plutonium (kg) within the unit of time from rsdial blankets of UZ-° regotors
mnhes: ETheq =Tros

M;%KQ,‘&, Y [is(t)-is(t’- Tas)] dt’ "

RBxpressions for other types of reactors are recorded similarly, It must be borne in mind,
that very sume quantities of uranium-235, uranium-233, plutonium-239 are not equally effective
in ylelding similar powers that is reflected in different values for Mi'

Thus, the balanco equations of U y Pu and U 33 take up the form:

uranium=-235

Lj'(t)e (,.‘r[lC -7'@5-7‘,;“3-/({-65}65*;)’{‘/

plutonium-239

'1‘ M_qlg (t)= M;{Lb-(t Tas - rna.a‘)A_;KBa,‘;gw‘ L;{f Taes-~ f'ms)A;KBJr;_, +
ZJ s~ Thas
‘(6555’ [YJ t } L;(t’ a;ﬂ]‘ttJ(*A4969(’t nng-ZZag}ZPf A.(’ thlggl]f
¥-Tocg -Thyy

*My(g{f "7'0.9 - nms)OgKBprsg "M.Oi.’" KBJ"D,' j["/t')' t’(f - '/Zp}]dﬂ’ *
o

- M
/J{l-d(t {3 " ﬁﬂ-J}AJkeu’ #CJ/t 7'0.;-77,,_,)4 (83”' -

U795

+ 3
KBO‘JP j[‘.’/fl Z [t TQ_JJ (’z-/fp’(t/

uranium-233
%L_’[t/ Mf{{;(f !g'z,f )AJ- KBa s+ 1.5/?.' 7’&!‘7".!.4')61(8”;" -
A KB 9553 f[LJ{tj- cp(t'- Ta)]dtj + Mg[Ly(t “Tay -Trag)Bg KBa g, +

t-Togy -Trey

u,(t g - %-,)A.kem.m, s k8] Jo Cig(t)- g (t'~Tag))dt *f +

*”J{t_,(f"nu Tras)[1-0,(1- KBa,y3)]e (o[t~ T -Thas)Kbaryy 8 +
955 - R
k’a f I. e Be) 2
saws JOO(t)- Ly (t'-my)Jat!f + A (L) £ )
The aystem of equationa (4-6) makes it possidle to analyse the effiociency of various
kinds of reactors, and also that of vhole systems of reaoctors of various kinds, In the general
case, the golution of system of equation is accomplished numerioally from minor times to major
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onan, In the oass, ho-ever, when the rate of growth of nuolear eleotric ganerating ospmoity
is given theo equations serve to determine mafor natural produvtion volumes for the development
process under consideration.

The vory sume equations are available for dotermining the opecifioc rate of growth., For
inatance, the ssnumption of plutonjum breeders only necencitates the une of oquation (%), The
golution of equation (%) 1z to be sought for in the form ig/U:[,C“” where & - ig the
gspecifio rate of growth, The substitution of this solution in equation (5) offers oharacteris-
tic equation for the purpose of defining [V T

z’;— :e.'w( a9 anqg}[/_ Ag//- Kga.p,pj_] + ..‘i.’.(_i:f._.._z KBossy e-u(’;” ’ 7'ru’j*

Wy
~w(Tag+ Tnse,
- Agkegr',,pe 3/

¢))
A formula with a saticfactory degree of approximation to provide for the douuling time
(T -ln2/w ) 1n obtained by expanding the exponent (4) in series with the amccuracy to the
2
f£irst powers W @ 1£
_ Cn2lbg(KBos-1)- "8 J
la= BgkBy5g9 (To83 + Tnag)* Do KBorgs (Tao T+ [1= Og( 1= KBag, )] (g *Tnms) (8)

Equations (7) and (8) are applicable as well for tho definition of the doubling tims in
the oycle U 33, 232, The combined solution of eguetions (5) and (6) permits the definition
of the doubling time in the reactor system on Pu2 9 and U 33 (1t is suggested that uranium-233
15 bred in blankets only). The solution for the eguation system (5) to (6) is obtainable in

the form: . ?
iy(t)= ae”? {5(t) = 8e”

The introduotion of the uniform & means that the mixed system developes at equal rate
while the relation between the numbers of reaoctors on 0235 and Pu is oonstant throughout the
process of development.The corresponding characteristie equation for W has the form:

- Py
ew(7a3 + Thay) 7-8 cw(Ta6s + 7o,
_EL ‘(’f-AJ)e - 8;K8,,, € v ° v -

w
~w 7y .7’,,“) s, K8 ,e-l-)(rn_j47'n~))
- l"‘[/“* 7- £, ~W(Thg *Tne9) '[A’Kg’"'-' .
- -89 (7-£Basy)]e
4y Kgan,) e (Toss e Tnu)J

- 08; K853

. e-u(ra,g.«Tfm'j . 1-e"
W Tag

(Eo=6s=¢)

The following expressions obtained for the coefficients a and b

) _ cw
a= g b=reos

is established on the basis of the scocepted ratio between the numbers of

Pu and uranium-233 reactors.

The above mentioned numbers of the reactors are determined by the expressions of the
type (2). Pinally

- ~-w(Tap » Tnay/
c=l2 1:-€ whRs f'[""’f’""&_cgje 7
== = Wl wThay

My fe-@™? 8,k8, ,€

Used Cross-Sections snd Caloulation Methods,
In large fast reactors the neutron spectrum in the reamotor core and bdlankets is softened
becsuse of the neutrons slow-down by U238 oxygen or oarbon, oonstruotion materials snd ooolants.
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In many procesgsen neutrons below the 10 kew oenoryy level onune onnentinl effeats, The fraolion
of fission below 10 kev in oernmlo fuel renotor conutitutes 10-70% deponding an the nize and
oomposition of the reaotor. This makes it neooonary to appronch moot attentively group conn-
tants in the region of cnergies bolow 10 kow where the nignifloance of roconnnoe nelf-ohielding
effaeots with regard to the compooltion of the medlum is obvioun,

Besidos, the contribution of elasntic slow-down munot be ocarefully conuidred, for group
croos-seotions of elaustic slow-down are dependent to no nmall extont on the group'n internal
speotrum. Therefore it needs to bring the speotrum and oclow-down crots-cectlons to procicion
one after another, The 26-group nuclenr dote set worked out under 1.T,Rondnrenko 1 takes into
oonsideration all these peculiarities in the most complete form, Before that cronn-renttion net
wan acoomplished, another 18-group system in practionl une for faut renctors cnloulntionn, The
latter was produced with a speoial eye to the speotrum of oxide and cnrbine reactors with the
reactor oore volume approximately 2000 litres and the composition an followsy 30-400 of fuel,
20-25W% of stell, the rest goind to sodium.

In that set for the region of energies above 10 kev the oross-neotions from the referenco

2 were ugsed as the foundation. In the range of energies below 10 kev groups wers made, while
the region above 1,4 Mev fell into four sroups. The former being adapted to the effeots of reso-
nance seolf-shielding. The oross-seotions were produced by I.I1.Bondarenko, L.P,Abagyan, N.O,Baznmy-
ants and 5.B.Shikhov, The osloulations in line with this system an well as the 26-group oystem
for the remotors of the above composition give approximately the same results,

The major physiocal oalculations were accomplished for the one-dimensional geometry in
terms of the diffusion approximation. The reactor's critioal parameters, the energy-cpace
distridution of neutrons and their importance, interrelations among various process-numbers
and breeding ratio were computed om the basis of the programmes for digital computation worked
out by G.I.Martshuck, V,P.Kotshergin, A,I,Nevinitsa, T.I,Zuravleva und othars.

Quite & rumber of similar programmes wers developed and perfected by A.I.Shmelov,
I,8.51esarev, A.N.Kugmin, V.V,Chromov, S.B.Shikhov. The oaloulation programme on reactivity
fluctustions depending on the introduotion of various perturbations into the reactor core was
produced by N, N,Zigin,

In some osses the P-3 approximation (the programme by G.I.Martshuok, E,I,Lyashenko, L.I.
Kusnetsova) was used to realise the acouracy of diffusion caloulations. The compsrative compu-
tations under the P-3 and diffusion approximations for the reactor corss radius of 60-110 sm
and the blanket 40-50 sm thick, resulted in the coinoidence in Ke“ with the accuracy of  0.%.
The spsce distributions of s neutron fiold under these approximations are also in good agree-
ment along the whole resotor radius.

THE PHYSICAL CHARACTERISTICS AND DOUBLING TIME POR REACTORS CF
VARIOUS POWERS AND POWER DENSITIES

The fact that the expexrimental resotor BR-5 whose 8peoifio oharacteristios are very olose
to those of & large powsr reactor operated very effectively paved the way for designing the
BEN-350 type reactor, disoribed in the report (4).

Below the resulis are quoted of the resctor survey for resmctors of different powers o8~
paoities and densities power with the initial parameters olose to those of the BR-350 type.
The initial data to enter the csloulations were s follows:

Sodium inlet tempersture 306°¢

Sodium inlet-outlet tempersture difference 230%

Naximum sodium velosity 10 m/se0

Muel olad thickmess (=sminless stesl) 0.4 mm

Yolume fraction of the masembly walls and interassembly Na

Reagtor oore dimmeter %o height ratio (D/H)
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The nogembly wallo interassmnbly Ma and volume fFreotion B 04 penctopr gopee dinmeter Lo
height vatio (ALY = 1.0,
The valuo DM » 1.4 otnands out nc the optimum for =150 reactorr and o sceeptodly wqual Cor

all the reaotors deatt with in thio osectlon, It will be shown later on that under other prve-
condttiony the nhnpe of the reactor core has the optimum for comewhnt differant vnlues of p/,

The dioxide (Pu0,-U0,, -8 s/om") snd monocerbide (MuC-Ut, - A0 g,/om"’) were con-
sidored an the fuel m;;torinln for this group of reactors, The oxide or the onrblde of depleted
uronium played the blanket substance, the lstter being 60 om thiok.

Tables I and I) oarry the basie data for the reactors in questlion in relation to the
pro-given pover and pover dennity. Neaotor comparlcon along the fuel prinoiplea shows the Tollc
wing rosults, » higher density and o greater heat conductivity of the earbide fucl provides
for more U230 to be placed in the romctor nore. Thic brings about an incrense of the contribu-
tion of U2 fioston. The spectrum in the oarbide reaotor cores ip nomewhat more hard than
that of oxide reectors. s a result, the breeding ratio of carbide reactorc is 1.45-1.8, while
oxide reaotore have it 1,35 - 1.6, lowever, the oritioal mass in carbide remctors isc greater,
thanks to the more intencive neutron absorption in uranium-238.

Within the conildered alterations in the reactor core ocor.position for the reactor wore
radii below 120 cm the reactor oritical masses with 5-7% presision satisfy tho expression
G v, inherent in the similarity of remotors 6 .

The power being oconstant, the reagtor composition depends to & great extent on the spe-
cific power and so do the critical mass and internal breeding ratio. The full breeding ratio
(DR) ic not open to sharp changen.

The neutron speotrum under permanent power conditiono alters only very slightly with the
veriations of specific power, though there is a slight "broadening"” of the specirum as long as
the reactor core size diminishes, The broadening has a bearing on the decrease of the non-
elastic soattering of fast neutronc, and the relaxed moderated neutron absorption with dimi-
nishing quantities of uranium-238, In general, it can be seen that the macroscopioc characte-
ristics (oritical mass, BR, U2 figsion {fraction) to be dependont not on the spectral altera-
tions slone but furthermore on the varying fuel. contents in the resctor core.

The increase of reactor power has a notedly bad effeot on its physiocal performances. The
volume contents of fuel drops, the 0238 #ission reduces, the neutron slow-down by sodium sof-
tens the spectrum considerably. As a result, the BR goes down.

In doubling time calculations the following additional assumptions were made.

The out-of-reactor fuel residence time Tn.........o.s year

Maxigus burn-up ~-in the oxide-10%, in the oarbide - 8%

Fuel losses in the course of processing wessssnenede5®

Average build-up of plutonium in the fuel

discharged from the radisl blanket vessevenseseresiP

To evaluate the effect of the fuel oyole parameters the doubling time was oaloulsted for
other cycle parameters.

The off doubling time may have the minimum values for some intermediate values of Q as
long as the reactor power is constant and its specific power ¢ alters. The above minimum 1s l
linked up with the various ratio of the reactor's lifetimo and the external cycle duration for
different Q-5 and with the less oriticel mass for inoreasing Q.

For the reactor parameters under oonsideration optimum doubling time inoreases slightly
with the increase of reactor power, It follows from the BR drop with power inoreasing; this
drop is not compensated for W the inorease of specific power per o unit of prlutonium loeding.

It was studied, how separate parameters of @ fuel cycle influence the doudbling time.

The effect of the value of burn up on the doubling time is twofold, On the one hand, burn-up
increasing the proocessed fuel fraction drops as does the frequengy of discharges, that causes the
reduction of the doubling time. On the other hand, the concentration of fission produots
increases, breeding ratio goes down and the doubling time increases. These factors open possi~
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bilitios of the oxixting optimumon tho vulue of burneup,

For tho oxide fuelod ruuctor (9OOMW, 500 kW/1) with fuel burn up Y% doubling timo Lo
8,5 yoar, with burn-up 10% ~ 6,5 year and 6,1 your, whon burn~-up reachon 150 The doubling
timo has 1t's minimum valuo with fuel burn-up 16%, further incrcoaso in burn-up csusws Lncreage
of the doubling time.

The results of the compariuvon botwuon the reuctors under view us to Lhe doubling time
show that the accopted initiul parameters ensure tho doubling time of & to B yeurs for power
reanctors. Pobsible ways to increase broeding ratio and spocific power as well ns to Lring down
doubling time, are considered in bring tho next soction,

POSSIBLE IMPROVEMENTS IN THE PERFORMANCE OF TARGT FAST POWER REACTONS ,

It may be well suggested, that certain parameters are probuble to be improved upon in
advanced fTast reactors. As it seems, the core temperature drop and velocity of sodium could be
enhanced. This increases fuel contents in the roactor core and diminishes quantity of sod.um,
As a result, the fuel residence time in roasctor becomes longer, parallel to an incremsc of BR
and slump shortening of the doudling time,Perhaps,the outlot temperature of sodium can be rai-
sed to malke 600-630°C and higher efficiency can be achieved.It is an probable,that cerwnic fue
el ylelds g burn-up of approximately 15%,

Besidesn, the reactor core may need upecifl‘c solutionswith a view of improving physical
parameters of large reactors, A possible solution offers the flattening of the heat generation
in radial direction playing to bring down the (not spot factor). The reduction of the radial
heat non-uniformity makes it possible to either bring down the size of the resctor, while pro-
serving the maximum powbr density and composition, or enhance the fuel contents and make the
fuel olement dismeter increased, the reactor size and sverage power density being just what
thoy were. There might be, of course, certain in-between solutions, Properly speaking, the
hoat flattening may go different ways:

1) a higher concentration of fuel from the contre sideward;

2) the establishment of intornal blankets,

The Lirst poseibility bears greatest fruit in case of the radial zones with fuels of
. irious fisaionable material concentration in the fuel (vorious enrichments), It is far less
~ffective to change the fuel element's lattice, or its diameter with permanent enrichment.

It appears that as few as two zones of different enrichment can change the radial non-
w.iformity coefficient in large reactors from 1,7-1,8 to 1,2-1,3, The volumes of the zones
with diffexrent enrichments are approximately equal (V.]E‘ 0,52 V,) and this relation i3 woakly
dependent on the reactor size and composition,

Heat genoration flattening by enrichment affects physical characteristics as soon as the-
ve is a difYereut fuel content, the spectrum hardening in the reactor core, ncutron leakage
via a radial blanket, partioularly, in its high cnergy rogion, The relative importance of the
above effects varies in differegt reactors, being dependent on the kind of fuel, the size and
composition of the reactor. Yet, in all the above mentioned cases the total breeding ratio
inoreases with flattening. Comparisons of reactors with and without flattening are shown in
Table IIX.

It 18 evident that flattening may allow of a considerabls reduction of the volume and
critical mass of a reactor with a pre-set power level.Such a use of flatteningif coupledwith a
deep burn—up (15%) and semi-annual outer cycle and alsSo a smaller-size reactor core brings
about a substantial cut of the doubling time.

If one is far less enthusiastio about the fuel cycle (B:-57 , Ta® §e01) it should
be preferrable to use flattening to enlarge fuel volume fraction in the reactor core. Though
it results in an increase of the critical m88s, yet the tuel contents in the cycle does not
increase decause of a longer lifetime, the breeding ratio goes up and, finally, the doubling
time shorteng as compared with the case of a resctor without flattening.
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Ponuibilitios Lo flatton power distribution by setting up an intornal oylindrical ring
broeding zone woro otudled, and the gelection of the internal breeding zone size end its loca=-
tion on the condition of tho least doubling time took pluce. In all of these cuses the resstor
core assemblios were of the vame composition and enrichment,

Tuble 111 gives results of calculations for puch reactors, The introduction of 5-10%
(toward the reactor core volume) assemblies with 11258 appears to be able to diminish the rsdial
non-unifornity of power distribution just like the case of zones with different enrichment.
This effuct is capable of cutting down the doubling timo by 15-20%, Very similar results can be
arrived at if assemblico with depleted urenium are placed in the center of the reactor core in
addition to fuel ucsemblies.

A substantlal improvement of physical characteristics is attainable by giving the fast
power rouctor core tho form of a flattened out cylinder, A rise in D/H in a reactor of a given
power and constunt power density allows to enlarge the volume fraction of fuel, prolong the
coro's lifetime and increase breeding ratio, Because of a greater D/H and a simultaneocus incre-
ase of tho critical mass there must be the optimum D/H for every reactor™’.

The optimum D/H value oes up with the power density increase, Por example, for a carbide
renctor with thurmal power of 2500 M4, snd Ylattened heat generation the optimum D/H defined
in accorianc with the doubling time made 1,5 at Q = 8001:—:—1:0, and 2,5 ¢ 3 at § 1200 ?fﬁe'

The position of the optimumD/H is in close connection with the fuel volume fraction and
core lifetine, on the one hand, and on the other hand, with the critical mess and brecding ratio.
In high power density reactors the fuel volume fractions are low and 8o is the core lifetime
which both favour flattening out to far greater D/H than in reactors of lower (power density)
where the bracding ratio oad core lifetime are high enough even at moderate D/H. For similar
reasons the optimal D/H goes up as longasthe reactoxr power enhances, The least doubling time
for each power level might be achieved with some moderate power densities and corresponding
optimal D/H,

For the reactor in question the minimal doubling time ocours at § 5 1000 kw/1litre and
D/H 2-2,5, and makes approximately 3 years (the processing time 0,5 year, burn-up 15%).

The implementation of aoll the suggestions mentioned herein (high power density, power fla-
ttening, and increased D/H) opeuns the road towards substantially improved performance of large
fast power reactors (electric power ~ 1000 MW), For this and still more powerful types of
resctors on ceramic fuel with high burn;up one can hope for the doubling time below 5 yearss
for oxide fual ~ 4 years, for carbide fuel -~ 343,5 years.

Temperature and Power Effects

Reactivity changes during reactor transient are characterized by power and temperature
coefficlents (MWt"' and °C”', respectively for uniform and non-uniforn heating) and are de-
terumined by the following processes:

a) Changes in the geometrical slzes of reacbor, The temperaturs elongation of fusl ele—
menta and expansion of grids in which the assemblies are fixed lead inveriably to negative
reactivity effects. For the considered reactor type it is possible to work out she following
approximate relations:

AK/K = - (0,75 + 0,9) 2Yv

AK/K = - (0,5 + 0,6) 4Fm
AK/K = - (0,25 + 0,3) 2B/

Av/v, AR/l!, AB/}1 bere represent a relative changes of volume, radius and height of s reac~
toxr.

x) The problems of the kind were tackled by A.M.Kuzmin, I,S.8lesarev, V.V.Khronov,
8,B,8hikhov, A.N.Shmelyov (in the press),
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b) Changoes in tho sodium denslity, The accompuning remotivity chanpos are primarily rola-
ted to changun {n tho spoctrum and redistribution of capturus, fiusions and lenkage procesnon,
In noderate~oire resctoro roeductions of sodium donaity yield nugative offoctu, For the ronce
tors, where tho loakage fraction is small in a noutrom bulanco a positive offoct of the nordium
dennity decreasing might be the case. Tho critioal volume of reactors to muke tho offvot nign
change is accertnined through the type of fueol and the rouctor design poouliavities , The
sodium coefficlont becomes more positive for an established volume, if abuorbing muterisls are
introduced into tho reactor ocore (boron control rods, for instanne). In tho same way ucts po=

wer flattening In the reactor core,
Fige.1 gives un example of the rvactivity ohanges due to introduction of 1 cm"’ of nodiun

into various typon of roactors,

¢) Doppler-effoot, Doppler-offect may constitute a large part of the overall powar of foct
in large sizo roactors with ceramic fuel, Uraniun-235 and plutonium-239 boing heatod up
givo positive effuct, that of uranium-238 being nogative,

When U8 4 uded in a reactor ao a diluent, the coatribution of the uranium to Doppler-
effoot is affected to a groat extent by tho reactor core size, A8 soon ns the volume enlargen
80 does the concentration of uranium-238 (with a constant fuol fruction), and the resonanco
noutron fraction as well (10-0,005 Kev). In the reactors under consideration (1500~2000 litros,
the negatiw contribution of uranium-238 into Doppler-effect is & deternining factor. Stuiles(”)
and [5] carry the oross-section data to caloulate Dopplex=effoct. Fig. 2 shows how Doppler-ef-
feot depends on the temperature in a reactor of ~ 2000 litre volume (tho fyol Puoa-uoa).
Pigs3 gives the effect's distribution among energy-groups for the same reactor, The calcula-
tion was made on the basis of the perturbation theory.

d) Puel elements and assembly bendinga, The effects of these are primarily determined by
the reactor design, their contribution being comparatively small in the case of large reactors,
Table IV shows the component constituents of power and temporature effects for one of

considered reactors, ‘

Investigation of Possibilities to Use Thorium in Past Power
Reactors

A number of data available at present on the cross-sections of U<>> and '1‘11252 fI} show
that breeding of 0253 is handy on either thermal or fast neutrons. In the intermediate encrgy
range (1 ev~Ikev) \)¢¢; for 33 ia below 2, which excludes any chance of breeding in interme-
diate reagtors, In the 0233-'1‘11252-!}2” fuel cycle the breeding ratio in thormal reactors amo-
unte to I.I, to beaome I.2 = 1.3 in fast reactors depend on the fuel, Doubling times uake
1520 yoars, Such figures look far inferior than in the Pu<>%-U228_py239 gyele of fast resctors.
Still, the combination of this two cycles in fast reactors alongside with a mixed cycle could
essentialy improve the prospects of using thorium in the atomic power industry.

The nuclear fuel of the mixed oycle is 3253 and Pu. The fertile material for reactor cores
is U258, while thorium 18 used for blankets, Under this systen the neutron balance subsantially
improves as compared to the cycle of 02 B-Th through & more effeotive fission of U230 and also
at the expence of high 1)414 for Pu239 in the reactor core spectrum,

The implementation of mixed cycles in actuality may be different. y233 and plutonium may
locate in a single reactor &s well as in different ones. In a gingle reactor it canm be either
& homogeneous fuel mixture or else a location in different fusl elements or different assemb-
lies, The comparison between mixed and single oycles for different reactors manifests the
following mixed cyole physice peculiarities,

The critical mass of mixed fuel reactors, if summirized efter uranium-233 and plutoni~
um-239 18 10% less then that in simple oyoles, This can be attributed to a more effective use
of 1°% in the mixed resctor spectrum. The value f=(V~1 )6 serves a true indicator of
this, it being h-;;/’lg ¥ 1.4  in an ordinary reactor core spectrum.

The breeding ratioc of a mixed cycle is determined (as far as a mixed fuel reactor) as a
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ratio of the summariged produotion rates of 23 (in blankets) and Pu?39 (in a remctor oore),

to the burning rates of these 1sotopes in the remotor oore. The mixed systems' bLreeding ratio
in the oase of an oxide fuel is 0,1-0.] higher than in the oyole 0233-'1')1. The looation of tho-
riun in the Ylanket makes changes of BR because of the neutron oapture in protactinium becomes
negligiblo. The doubling time in a mixed oyole appears to be far below that in the oyocle of

2P (Table V),

Meanwhile, the developing mixed system allowes an intensive use of thorium in placc of
uranium-238, Clearly, a developing system necessitates the demand for nuclear fertile mate-
rials as long an it oalle for new blankets, In the mixed oyole thorium-loading in blankets ia
10 (ten) times more than that of uranium-238 into reaotor cores, which ip, in fact, a determi-
ning faotor of the fertils matexisl consumption rate in a new reactor construotion., Definitely,
1t depends to no emall extent on the kind of fuel and othexr speoifio features of a reactor,

As for the reacior alone, the fertile materisl demand is determined by the rate of burning and
processing losses only. Besides the advantages mantioned above the mixed cyole opens up a
possibility of manufecturing UZ-2 of a less sotivity on the basis of U°>,
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Table I
Characteristics of Pu.()z-UO2 reactors

o Reactor core power, MW ; 450 { 900 lr 1500 ; 2250
3

Power density,kw/litre 300 500 750 900 300 400 500 600 300 400 500 300 400 500

fuel 0.548  0.47% 0.396 0.368 0.470 0.409 0.362 0.3I2 0.419 0.354 0.302 0.330 0.298 0.I91
Volume fractions {sodium 0.284 0.292 0.852 0.377 0.312 0.362  0.404 0.450  0.366 0.482% 0,472 0.464 0.485 0.605
steel 0.2I8 0.23% 0.252 0.255 0.2I8 0.229 0.23% 0.238 0.2I5 0.222 0.226 0.206 0.2I7 0.204

Cr{icicg mass of pluto— 7I0 460 340 290 II70 880 710 600 I710 1260 I0C0 2180 1650 1050
nium,

1,60 1.60 I.55 1.56 1,52 I.48 I.46 IL.4% I.45 L.40 T.38 I1.36 I.26 I.24
BRa 0.1  0.68 0.46 0.40 0.9 0.79 0.68 0.56 0.97 0.81 0.68 0.90 0.80 0.54
TRo0i0oeerootica U238 153 0.130 0.100 0.098 0.I45 0.128 0,13 0.097 0.I39 0.120 0.103 0,I2I 0.109 0.074

in reactor core s,
vl-=-6—:- 0.2I7 0.2I2 0.208 0.208 0.23% 0.236 0.237 0.239 0.248 0.253 0.257 0.270 0.273 0.2%7

! Reactor core Gy, .92 1,92 1.92 1.9 I.96 I.97 1I.98 1I1.99 2.0 2,02 2,03 2.06 2.07 2.16
=] ave. e

: o8 64 0.048 0,051 0.055 0.05I 0.044 0.085 0.04 0.047 0.082 0.053 0.043 0.080 0.050 0.04I

6.4 0.287 0.281 0.275 0.270 0.308 0.304 0.30% 0.304 0.3I16 0.319 0.32I 0.335 0.337 0.356

s 0.38% 0,381 0.877 0.875 0.390 0.389 0.388 0.387 0.3% 0.39% 0.39% 0.400 0.500 0.403

E&gﬁéﬁ {6: 0.0I8  0.SI9 0.020 0.020 0.0I8 0.0I8 0.0I8 0.0I8 0.0I? 0.0I7 0.0I7 0.0I? 0.0I7 0.0I7

Doubling time,years 8.6 6.5 5.6 5.7 8I 7.0 6.5 6.6 8.5 7.6 7.2 9.0 8.3 9.9
Tpre, 05 ¥
B=10%
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Characteristics PuC-UC reactors

Table IT

900

Power density, kw/litre

fuel
Volume fractions sodium

steel

Critical mass of plu%cniun,h;
BR
ERa

U-238 in reactor core
fission fraction

The reactor
care average

The blanket
average

Doubling time, year
Tpr= N
B= 6%

500
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Table III
Parameters of power reactors with difference heat generation flattening
o (core power 1000 Mw, PuC-UC fuel).
o~
b
Plattening method two "enrichment™ cylinder I3° ring I3 (1Gom thick-
ress
Reactor number 1 2 3 ) 2 i
Dense volume of reactor core 1570 1000 1570 1170 1570 é 1110 1570
(together with IB), Va, liters :
IB volume, % Va - - - 7.8 6.3 : 9.2 7.8
Radial non-uniformity factor for :
fuel assemblies 1.7 1.24 1.23 1.28 1.28 1.18 1.26
Sodium fraotion 0.3 0.39 0.32 0.39 0.32 | 0.33 0.33
Puel fraction 0.38 0.38 0.47 0.38 0.86 0.38 0.6
Pu concentration, _Ne__ 0.127 0.13 0.11 0.161 0.125 0.168 0.128
No+ Ns and 0.17 and 0.15
Pu oritical mass, kg 780 610 aso (133 850 : 635 870
R Specific power, Mw/kg Pu 1.28 1.68 1.12 1.55 1.18 1.55 1.15
~ Breeding ratio, BR 1.6 1.66 1.68 1.68 1.7% . 1,65 1.75
' ERa 0,8 0.6 0.8 0,61 0.83 - 0.57 0.80
Doubling time Tn-0.5 p=ish 4.8 3.8 4.7 3.8 8.6 4.0 A8
yenrs .
Tp=1s p=5% 8.3 8.1 7.5 7.6 7.5 . 8.8 7.2
i
{
L

“IB - internal blanket

*“reactar flattening plays to reduce the volume (N 2,4,6) or fraotion of sodium (NF 3,5,7).
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Table IV

Power and temporature coefficients in oxide reactor
Va = 1800 liter, fuol =~ U=235

Power coefficient |Temperuture coeffi
1/uw x 10/ ciont 1/°C x 10

Doppler~effoct - 0.5 - 0,8
Fuel Element olongution - 0429 - 0,2
Asiembly Divergonce 0.03 - 0.3
sodium h.xpansion - 0,03 = 0.3
Fuel Zlement Bending + 0,02 -

Total ‘ ~ = 0.8

Table V

Comparison of Various Fuel Cycles for an Oxide Reactor.
Reactor core output 1200 Mw, Power Density 400 kw/litre.
Volume fractions: Fuel-0.39, Sodium-0,43, Steel-0.18.

VLR N L L

Cycle ) 235 Mixed
Pu=239 1140 - 645
U-233 - 1100 365
Pu239,p233 1140 1100 1010

Critical mass, kg

ER 1,50 1.17 135
BRa 0069 0056 0055

U"""8 or Th fission fraction in
the Reactor Core, % 12(U-238) 2(T™a) 11(U=238)

Average Reactor 1.0 - 1,98
Core Oharacteristics - 2,88 3,12
Parametres 2,36 - 2:39
- 2.“ 1.21

Doudbling time, Years 6.9 19.7 10,6
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Fig. 1 Changen of the Oxide Rleactor Reactivity of 1800 litre Volume with the Introduotion
of 1 om’ of Sodium ( = O.UBB/omJ). In the Centre of Reactor there is an absorbing
Rod .of the Ffficlenoy of 0.3%, The reactor oore radius is 75 om.
1) Fuel- U23"’, single enrichment. Sodium volume coefficient.
2) Puel- UZJS, two enrichments, Kg, = - 0.68 , 1073 1/%

Kga = = 0.3 . 407 1%

3) Puel - Pu, two enriochments, -+ 0.16 , 1077 1/%¢.
a

Fel

=20

—

30 200 1300 1800 2300 T K

Fig. 2 Doppler-effeot vs Temperature (Reactor with the Volume.~2000 litres; Puo, - 002 )
1) Calculation for Perturbation Theory.

2) Direct Caloulation
369 - 15 -
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Fig. 3 Distribution of Doppler—effect along Energy Groups (%% of the Total Effeot of the
Corresponding Isotope)

1) Fuel Puo, - UO,, Va = 2000 1
2) Fuel - U (total effect - 1,3,16~5 0y

3) Puel - MY (totsl effect + 0.2,10~5 1,90
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